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The eukaryotic cell cycle is tightly controlled, with DNA being replicated with high fidelity once per cell cycle. Cells evolved multiple mechanisms that recognize DNA damage such as those induced by chemotherapeutics, ultraviolet (UV) or ␥ irradiation, or other cellular stresses. In response to these cellular stresses, cells halt DNA replication by arresting the cell cycle until the damage is repaired. Levels of the CDK inhibitor p21 CIP1/WAF1 increase in response to DNA damage primarily due to its transcriptional up-regulation by the tumor suppressor p53. p21 inhibits the kinase activity of Cdk2, thereby preventing progression into or through the S phase of the cell cycle (Brugarolas et al. 1995) . Although p21 accumulates after genotoxic stresses, it is degraded in response to DNA damage induced by low-dose UV irradiation, and the ability to degrade p21 under these conditions is critical for optimal DNA repair (Bendjennat et al. 2003; Chen et al. 2004 ; Lee et al. 2006) . Cells irradiated with lowdose UV arrest, nevertheless, as Cdk2 activity is inhibited due to enhanced inhibitory phosphorylation at Tyr15 (Bendjennat et al. 2003) .
Several studies have shown how p21 is degraded during an unperturbed cell cycle: At the G1/S transition and during the S phase of the cell cycle, the SCF Skp2 ubiquitin ligase targets p21 for degradation (Yu et al. 1998; Bornstein et al. 2003; Sarmento et al. 2005; Wang et al. 2005) , while the CDK inhibitor is ubiquitylated via the APC/C Cdc20 ubiquitin ligase during G2/M (Amador et al. 2007 ). Our understanding of p21 degradation following UV irradiation, on the other hand, remains rather confusing. While some studies argue that this process is proteasome-dependent but ubiquitin-independent, others have suggested the involvement of both components. For example, using mouse embryonic fibroblasts (MEFs) deficient in Skp2, Bendjennat et al. (2003) demonstrated that p21 fails to degrade after low-dose UV irradiation, suggesting that the SCF Skp2 ubiquitin ligase mediates p21 ubiquitylation and its subsequent degradation in irradiated cells. Lee et al. (2006) , on the other hand, showed that Skp2 is not required for p21 degradation after UV irradiation and further argued that the degradation of p21 is ubiquitin-independent. A recent study further demonstrated that activation of ATR by a low dose of UV triggers the phosphorylation of p21 at Ser114 by GSK3␤ and results in proteasomal-dependent, but ubiquitin-independent degradation of p21 (Lee et al. 2007 ). These results are consistent with the finding that an ATR-dependent pathway is essential for triggering the down-regulation of p21 after UV irradiation in mammalian cells (Bendjennat et al. 2003) . Another study suggested that the down-regulation of p21 in response to UV irradiation is facilitated by the ubiquitin ligase activity of the Cul4-RING ubiquitin ligase and its substrate recognition subunit DDB2 (CRL4 Ddb2 ) on p53 (Stoyanova et al. 2008) . Thus, the involvement of the ubiquitin system, in general, and Skp2 or other ubiquitin ligases in particular, in degrading p21 in UV-irradiated cells remains to be clarified.
Following UV irradiation, as well as in S phase of the cell cycle, the CRL4 Cdt2 E3 ligase (composed of the Cul4A/B, DDB1 [damage-specific DNA-binding protein-1], and the DCAF subunit Cdt2) promotes the ubiquitylation and degradation of the replication factor Cdt1 in cooperation with Proliferating Cell Nuclear Antigen (PCNA) (Higa et al. 2003 Hu et al. 2004 ; Arias and Walter 2006; Hu and Xiong 2006; Jin et al. 2006; Ralph et al. 2006; Sansam et al. 2006; Senga et al. 2006) . The ability to degrade Cdt1 under these conditions is critical for preventing rereplication and the induction of irradiation-induced early G2/M checkpoint (Sansam et al. 2006 ). Cdt1 interacts with PCNA via a conserved PCNAinteracting motif (PIP Box) in the N-terminal end of Cdt1, and this interaction is required for Cdt1 ubiquitylation via the CRL4 Cdt2 E3 ligase Higa et al. 2006; Senga et al. 2006) . Since p21 is known to associate with PCNA through a PIP box in its C-terminal end and is degraded after UV irradiation similarly to Cdt1, we hypothesized that PCNA might mediate the degradation of p21 via the CRL4 Cdt2 ubiquitin ligase complex by a similar mechanism. In this study, we show that p21 ubiquitylation and degradation in human cells irradiated with a low dose of UV are dependent on the CRL4 E3 ubiquitin ligase and the substrate-specificity factor Cdt2. The CRL4 Cdt2 E3 ubiquitin ligase also promotes the destruction of p21 during the S phase of the cell cycle of unperturbed cells in apparent redundancy with the SCF Skp2 ubiquitin ligase. We show that immuno-purified CRL4 Cdt2 E3 ubiquitin ligase promotes the in vitro polyubiquitylation of p21, which is enhanced by a phosphomimetic substitution on Ser114 of p21. Finally, we show that the CRL4 Cdt2 -mediated ubiquitylation and degradation of p21 requires p21 to physically bind PCNA.
Results

Low-dose UV irradiation triggers Skp2-independent proteasomal degradation of p21
To clarify the role of Skp2 in mediating the UV-induced degradation of p21, we tested whether acute depletion of Skp2 by siRNA would affect UV-induced degradation of p21. In agreement with other reports, irradiation of HeLa cells with low-dose UV caused the degradation of p21, which was maximal 6 h post-irradiation (Fig. 1A) . Chromatin-bound p21 was also degraded under these conditions, demonstrating that the degradation of p21 was not limited to soluble pools of the protein (Fig. 1B) . The UVinduced degradation of p21 was not limited to HeLa cells, as p21 was efficiently degraded in the osteosarcoma cell line U2OS (Supplemental Fig. S1A,B) , and in several other human cell lines as well (data not shown). Although p21 was degraded in response to UV in all the cell lines tested, different cell lines varied with regard to the dose of UV that was necessary to induce maximal p21 degradation (data not shown). The reduction of p21 protein after UV irradiation was not due to transcriptional repression as shown by the lack of a decrease in p21 mRNA levels after UV (Supplemental Fig. S1C ) and the fact that exogenous p21 expressed off a heterologous promoter was also degraded (Fig. 4C ,D,F, below). The UV-induced proteolysis of p21 was dependent on the proteasome as p21 was not degraded in cells treated with the 26S proteasome inhibitor MG132 (Supplemental Fig.  S1A ). Consistent with a role of Skp2 in mediating p21 degradation in unstressed cells, acute depletion of Skp2 by siRNA elevated the basal levels of p21 in nonirradiated HeLa cells (Fig. 1C, cf. lanes 1,5) . Unlike the results obtained in Skp2-deficient MEFs (Bendjennat et al. 2003) , however, acute depletion of Skp2 in HeLa cells had no effect on the UV-induced degradation of endogenous (Fig.  1C) or ectopically expressed p21 (data not shown). Our results are therefore consistent with those reported by Lee et al. (2006) and suggest the existence of yet another proteasome-dependent pathway that is required for the efficient degradation of p21 after low-dose UV irradiation.
p21 degradation in UV-irradiated cells is inhibited upon depletion of Cul4A/B, DDB1, or Cdt2
Because p21 associates with PCNA via its PIP motif similarly to Cdt1, we speculated that the ubiquitylation and degradation of p21 after UV irradiation is carried out via the same E3 ubiquitin ligase, which promotes the DNA damage-induced and PCNA-dependent degradation of Cdt1. We first tested whether p21 degradation after UV is dependent on Cul4 proteins. Transient transfection of the human colon cancer cell line HCT116 lacking the p53 gene (HCT116 p53−/− ) with siRNA oligos targeting both Cul4A and B resulted in a significant reduction in Cul4A and B ( Fig. 2A) . We used this cell line to avoid indirect effects of the Cul4 on p21 through p53. Silencing Cul4 in this cell line for 48 h produced a small but reproducible increase in the basal levels of p21 ( Fig. 2A, lanes 1,3) . Significantly, in cells depleted of Cul4A/B, p21 was largely protected from UV-induced degradation ( Fig. 2A) . The degradation of p21 in response to a low dose of UV was also blocked when we downregulated DDB1, the Cul4 adaptor protein that bridges the DCAF substrate recognition subunit to the rest of the CRL4 E3 ligase (Hu et al. 2004; Wertz et al. 2004) , by two different siRNA oligos ( Fig. 2A; Supplemental Fig.  S2A ). Similar results were observed in several other cell lines (data not shown). We conclude therefore that Cul4 and DDB1 are both required for the efficient degradation of p21 in UV-irradiated cells and that this effect is independent of the tumor suppressor p53.
To address whether the DCAF Cdt2 has a role in the degradation of p21 after low-dose UV irradiation, we measured the steady-state levels of p21 in cells depleted of Cdt2 by siRNA. Down-regulation of Cdt2 with two different siRNA oligos inhibited p21 down-regulation following UV ( Fig. 2B; Supplemental Fig. S2B,C) . Time-course analysis of p21 levels shows that while p21 is detectably degraded within an hour in control cells, it became resistant to degradation even 4 h post-irradiation in cells depleted of Cdt2 (Fig. 2B) . The effect of down-regulation of Cdt2 on p21 degradation in response to UV was specific since depletion of DDB2, an irrelevant DCAF, had no effect on the UV-induced degradation of p21 (Supplemental Fig. S2C ). Significantly, in U2OS cells stably expressing Flag-epitope-tagged Cdt2 (without 3Ј untranslated region [UTR]), si-Cdt2-1 (targeting the ORF) but not si-Cdt2-2 (targeting the 3ЈUTR) oligo, inhibits UVinduced degradation of p21 (Fig. 2C) . Thus, the inhibition of p21 degradation by siRNA against Cdt2 was a direct consequence of Cdt2 down-regulation and not due to off-target activity of the siRNA duplex. The stabilization of p21 in UV-irradiated cells depleted of Cul4, DDB1, or Cdt2 was not due to secondary effects of the cell cycle since unlike U2OS or HeLa cells, which undergo G2/M-phase accumulation in the absence of Cdt2 (Jin et al. 2006 ; data not shown), HCT116 p53−/− cells depleted of Cdt2, Cul4, or DDB1 did not exhibit significant changes in their cell cycle profiles (Supplemental Fig.  S2D ). Collectively, these results demonstrate that the CRL4 E3 ubiquitin ligase requires the DCAF, Cdt2 for the efficient degradation of p21 in UV-irradiated cells.
p21 associates with the CRL4
Cdt2 ubiquitin ligase complex via the DCAF, Cdt2
We tested whether p21 associates with components of the CRL4 ubiquitin ligase complex in vivo. When ectopically expressed, both DDB1 and Cul4A readily coimmunoprecipitated with p21 (Fig. 3A, lane 8) and reciprocally, p21 could easily be detected in Cul4A and DDB1 immuno- restores the UV-induced degradation of p21. U2OS cells stably expressing Flag-epitope-tagged Cdt2 (without the 3ЈUTR) are transfected with either si-GL2 or siRNA targeting the ORF (si-Cdt2-1), or the 3ЈUTR of Cdt2 (si-Cdt2-2) and UV-irradiated 6 h prior to harvesting. The anti-Cdt2 blot shows endogenous Cdt2 (Endo-Cdt2). An anti-Flag blot shows the exogenously expressed Cdt2 and its efficient silencing by si-Cdt2-1 but not si-Cdt2-2. Exogenous Cdt2 was not shown in the same blot because it overlaps with a cross-reactive band that runs higher than the endogenous protein. (LC) A cross-reacting band in the anti-p21 blot serving as a loading control.
precipitates (Fig. 3B , lane 8). We observed that DDB1 was enriched in the p21 immunoprecipitates relative to Cul4A (Fig. 3A ,B, lane 8), suggesting that this interaction is mediated primarily through DDB1. These results are consistent with the role of DDB1 in binding substrates either directly or through DCAFs and bridging them to the CRL4 E3 ligase (Hu et al. 2004; Wertz et al. 2004) . To test the effect of UV irradiation on the association between p21 and Cul4A-DDB1, we treated cells overexpressing these proteins with UV for 6 h in the presence of MG132 to prevent p21 degradation by the 26S proteasome. The association between p21 and Cul4A and DDB1 was not stimulated by UV irradiation under these conditions (Fig. 3A ,B, lanes 8,9). The association between p21 and Cul4A was specific since we were only able to detect endogenous p21 in Cul1 and Cul4A, but not in Cul2, Cul3, or Cul5 immunoprecipitates (data not shown). Furthermore, endogenous p21 coimmunoprecipitated with endogenous Cul4A both in nonirradiated and UV-irradiated cells (Fig. 3C ), demonstrating that the interactions between p21 and Cul4A and DDB1 were not an artifact of overexpression. Importantly, endogenous p21 coimmunoprecipitated with endogenous Cdt2 (Fig.  3D ), suggesting that Cdt2 may promote p21 association with the CRL4 ubiquitin ligase complex. Consistent with this, depletion of HeLa cells of Cdt2 by siRNA significantly diminished Cul4-p21 interaction (Fig. 3E) . Therefore, the association of p21 with Cul4 and DDB1 is mediated primarily by its association with Cdt2. This finding is consistent with the proposed role of Cdt2 as the substrate recognition subunit that bridges the substrate to the rest of the CRL4 ubiquitin ligase (Jin et al. 2006 ).
The CRL4
Cdt2 ubiquitin ligase complex has been shown to target Cdt1 for destruction when it is bound to PCNA on chromatin (Jin et al. 2006) . To test whether PCNA plays a role in promoting p21-CRL4
Cdt2 association, we created a mutant of p21 with three point substitutions in its PIP box that abrogate its interaction with PCNA (p21 -PCNA ). A similar PCNA-binding-deficient mutant of p21 has been previously shown to localize correctly to the nucleus and associate with known partners, including CDKs . We confirmed that, in contrast to wild-type p21, p21
-PCNA does not associate with endogenous PCNA in HEK293T cells (Fig.  4B ). The association of p21 with Cul4A did not depend on the interaction of p21 with PCNA since both DDB1 and Cul4A could still associate with p21 -PCNA (Fig. 3A ,B, lanes 10,11). Although this outcome can be attributed to the high levels of the proteins in overexpression experiments, they may suggest that residues in p21 independent of the PIP motif contribute to binding to CRL4
Cdt2
.
PCNA is required for the efficient ubiquitylation and degradation of p21 after UV irradiation
We and others have shown that PCNA is required for the efficient ubiquitylation and degradation of Cdt1 via the CRL4 Cdt2 E3 ligase both in human cells and in Xenopus egg extracts Higa et al. 2006; Hu and Xiong 2006; Jin et al. 2006; Senga et al. 2006) . We therefore tested whether PCNA plays a role in the CRL4
Cdt2
-mediated degradation of p21 in response to UV. Down-regulation of PCNA by siRNA significantly increased the basal levels of p21 and inhibited the degradation of p21 after UV irradiation without affecting the steady-state levels of Cul4 (data not shown), DDB1, or Cdt2 (Fig. 4A) . We next investigated whether the direct binding of PCNA with p21 is important for the degradation of p21 after UV irradiation. To address this, we transiently overexpressed wild-type p21 or p21 -PCNA in mammalian cells and tested the effect of UV on the degradation of p21. Although wild-type p21 was readily degraded in response to low-dose UV irradiation, p21 -PCNA failed to degrade in response to UV irradiation (Fig. 4C) . Whereas the half-life of exogenously expressed wild-type p21 was <2 h in UV-irradiated cells, p21 -PCNA did not show signs of degradation up to 6 h post-irradiation (Fig.  4D,E) . HCT116 stably expressing either wild-type p21 or p21 -PCNA was also irradiated with various doses of UV. Whereas the wild-type p21 was readily degraded when cells were irradiated with 20 J/m 2 , p21
-PCNA was resistant to degradation even at 100 J/m 2 (Fig. 4F ). The results demonstrate that the direct interaction of p21 with PCNA is critical for the UV-induced degradation of p21 via the CRL4 Cdt2 E3 ubiquitin ligase. To test the role of PCNA on the ability of p21 to be ubiquitylated in vivo, we transiently transfected HCT116 cells lacking the p21 gene (HCT116 p21−/− ) with either wild-type p21 or p21 -PCNA along with Hemagglutinin-tagged (HA) ubiquitin. Forty-eight hours after transfection, cells were directly lysed in boiling lysis buffer to inactivate isopeptidases (Govers et al. 1997 ). Wild-type p21 was efficiently ubiquitylated even without UV irradiation, while p21 -PCNA was not ubiquitylated as well (Fig. 4G) . The anti-p21 Western in the lower panel shows that the levels of wildtype p21 or p21 -PCNA are roughly comparable. Significantly, while the ubiquitylation of wild-type p21 was stimulated by UV irradiation, we were not able to detect ubiquitylated p21 -PCNA even after UV irradiation (Fig.  4G) . These results confirm that low-dose UV irradiation stimulates PCNA-dependent p21 ubiquitylation and degradation and suggest that PCNA promotes the ubiquitylation of p21 during the normal cell cycle in the absence of UV irradiation as well (see below and the Discussion).
The CRL4 Cdt2 E3 ligase promotes p21 polyubiquitylation in a PCNA-dependent manner in vitro
To test whether the CRL4 Cdt2 E3 ubiquitin ligase is capable of ubiquitylating p21 in vitro, we overexpressed Cul4A, DDB1, and Cdt2 along with the Ring finger protein Rbx1/Roc1 in 293T cells. Flag-epitope-tagged Rbx1/ Roc1 and Cdt2 associated with overexpressed Cul4A and DDB1 (Fig. 5A) , thus confirming the formation of the E3 ubiquitin ligase complex in vivo. We then tested the -PCNA were expressed to similar levels in these cells. A low exposure of the nonubiquitylated p21 is shown as well. The X-ray films were scanned, and the ratio of the ubiquitylated p21 to that of total p21 (ubiquitylated + nonubiquitylated p21 from the nonsaturating lower-exposure film) is indicated below each lane.
ability of the CRL4
Cdt2 E3 ligase to ubiquitylate in vitro p21 that was separately overexpressed and purified (together with PCNA) from 293T cells. Incubation of the CRL4 Cdt2 ubiquitin ligase with E2 and p21 produced high-molecular-weight ubiquitylated p21 species (Fig.  5A) . Similar results were obtained when we purified the CRL4 E3 ligase by immuno-precipitating the Cul4A and DDB1 subunits instead (Fig. 5B) , thus ruling out the possibility that p21 was ubiquitylated by a contaminating Skp2 in the Rbx1 immunoprecipitates. Dropout experiments confirmed that the in vitro ubiquitylation of p21 by the CRL4 Cdt2 ubiquitin ligase requires Cul4A, DDB1, and Rbx1 (data not shown). However, overexpressed Cul4A and DDB1 associated readily with endogenous Cdt2 so that dropping out overexpressed Cdt2 did not affect p21 ubiquitylation in vitro (data not shown). Because the Cul4A associates with many other DCAFs to promote ubiquitin transfer, we tested whether Cdt2 is the relevant DCAF for ubiquitylating p21 in vitro. Initially, we were not able to down-regulate Cdt2 by siRNA and test the ability of overexpressed Cul4A to promote p21 ubiquitylation since overexpression of DDB1 stabilized the Cdt2 protein (data not shown). However, immunoprecipitates of Flag-Cdt2 from 293T cells, without overexpressing any other components of the E3 ligase, purified an E3 that ubiquitylated p21 in vitro (Fig. 5C ). This result is consistent with the requirement of Cdt2 in promoting p21 degradation following UV irradiation (Fig.  2B,C) .
To explore the role of PCNA in mediating the ubiquitylation of p21 in vitro, we purified the CRL4 Cdt2 E3 ligase and p21 (separately) from cells that were depleted of PCNA by siRNA. In the absence of PCNA, the CRL4 Cdt2 is largely deficient in promoting p21 polyubiquitylation (Fig. 6A) . Furthermore, while the wild-type p21 was ubiquitylated via the CRL4 Cdt2 in a time-dependent manner, the p21 -PCNA was not (Fig. 6B) . Together, these data strongly suggest that PCNA is essential for the in vitro ubiquitylation of p21 via the CRL4 Cdt2 ubiquitin ligase. Significantly, whereas the SCF Skp2 efficiently polyubiquitylated wild-type p21 in vitro (Fig. 6C , lane 5), the CRL4
Cdt2 did so only when we used a mutant of p21 that carries a phosphomimetic substitution mutation at Ser114 (S114E) as a substrate (Fig. 6C, lane 4) , thus explaining the requirement of ATR and the phosphorylation of p21 at Ser114 for the degradation of p21 following UV irradiation (Bendjennat et al. 2003; Lee et al. 2007 ).
The CRL4 Cdt2 ligase promotes p21 destruction during the S phase of the cell cycle of unperturbed cells
The CRL4
Cdt2 ubiquitin ligase complex promotes the degradation of Cdt1 in response to UV and is redundant with SCF Skp2 in mediating Cdt1 degradation during the S phase of the cell cycle (Jin et al. 2006; Nishitani et al. 2006; Senga et al. 2006) . The depletion of Cul4, DDB1, Cdt2, or PCNA by siRNA not only prevented the UVinduced degradation of p21 but also stabilized p21 in nonirradiated cells (Figs. 2, 4A ; data not shown). Additionally, the in vivo ubiquitylation of p21 demonstrated that wild type but not p21 -PCNA was efficiently ubiquitylated in nonirradiated cells (Fig. 4G) . These observations raised the possibility that the CRL4 Cdt2 ligase might promote the ubiquitylation of p21 in a PCNAdependent manner in the S phase of nonirradiated cells as well. To test this hypothesis, we examined the steadystate levels of p21 in U2OS cells stably overexpressing a Flag-epitope-tagged version of Cdt2. Consistent with the Cdt2 enzyme complexes (with the indicated overexpressed proteins on top) were immunopurified using either (A) anti-Flag or (B) anti-myc antibodies and mixed with separately immuno-purified p21 substrate in an in vitro ubiquitylation reaction. Western blots for DDB1 and CRL4A (anti-myc), Cdt2 (anti-Cdt2) demonstrate the formation of the stable E3 ligase in 293T cells used for the enzyme complex preparation. The anti-PCNA blot shows that PCNA copurified with p21. Anti-p21 immunoblots show the formation of higher p21 molecular weight species corresponding to polyubiquitylated p21. (C) Cdt2 containing E3 ligase is capable of ubiquitylating p21 in vitro. Flag-Cdt2 expressed stably in 293T cells, immunoprecipitated with anti-Flag agarose and incubated with separately purified p21 protein in an in vitro ubiquitylation reaction. Mock IP from control 293T cells were used as a negative control. A high exposure of the anti-p21 blot is shown (right) with ubiquitylated p21 labeled with asterisks (*). The results demonstrate that CRL4
Cdt2 is sufficient to polyubiquitylate p21 in vitro.
hypothesis that CRL4
Cdt2 may regulate p21 protein levels during the cell cycle, we found that asynchronous U2OS cells overexpressing Cdt2 had significantly lower levels of p21 protein (Fig. 7A ) without significant changes in p21 mRNA (data not shown). Similar results were obtained with HCT116 p53−/− (data not shown). To test whether Cdt2 controls p21 level specifically in Sphase cells, we synchronized the cells by release from a Nocodazole block. To eliminate the SCF Skp2 ligase that is known to degrade p21 in S phase, the cells were also transfected with siRNA to Skp2 as indicated (Fig. 7B) . Consistent with the role of Skp2 in promoting p21 degradation in unperturbed cells (Yu et al. 1998; Bornstein et al. 2003; Sarmento et al. 2005; Wang et al. 2005) , si-RNA against Skp2 elevated the basal p21 protein levels during the G1 and S phases of the cell cycle (Fig. 7B , cf. lanes 2,6 and 1,5). Cdt2 overexpression did not significantly decrease p21 in G1 cells or counter p21 stabilization by si-Skp2. However, Cdt2 overexpression significantly reduced p21 protein levels in S-phase cells (Fig. 7B, cf. lanes 5 and 7) . Furthermore, the overexpressed Cdt2 in S-phase cells countered the stabilization of p21 by si-Skp2 (Fig. 7B, cf. lanes 6 and 8) . Thus, the reduced steady-state levels of p21 protein in Cdt2 overexpressing cells are due to enhanced degradation of p21 protein via the CRL4 Cdt2 specifically in S-phase cells. Consistent with this conclusion, siRNA against Cdt2 in HeLa cells specifically stabilized p21 protein in S-phase but not in G1-phase cells (Fig. 7C) . Together, these results demonstrate that the CRL4 Cdt2 and SCF Skp2 ubiquitin ligases function redundantly to degrade p21 during the S phase of the cell cycle.
Discussion
The CRL4 Cdt2 E3 ubiquitin ligase promotes UV-induced ubiquitylation and degradation of p21
In this study, we discovered the E3 ligase that promotes the ubiquitylation and subsequent degradation of the CDK inhibitor p21 in response to low-dose UV irradiation. Although acute depletion of Skp2 in mammalian cells by siRNA elevated the basal levels of p21, it did not interfere with its degradation following irradiation. On the other hand, silencing any of the components of the CRL4 Cdt2 E3 ubiquitin ligase by siRNA not only elevated the basal levels of p21, it also blocked p21 degradation following UV (Fig. 2) . Although it is known that high levels of p21 inhibit its proteasomal degradation , possibly by inactivating cyclin/CDK complexes, it is unlikely that p21 interferes with its degradation in response to UV irradiation since overexpression of wild-type p21 did not interfere with its degradation following UV radiation (Fig. 4C,D,F) . In fact, cells depleted of Skp2 had significantly higher levels of p21, yet p21 was degraded with similar kinetics as in control cells following radiation. Consistent with the requirement for the CRL4 Cdt2 in promoting p21 degradation following UV irradiation, immunopurified CRL4 Cdt2 E3 ubiquitin ligase was sufficient for ubiquitylating p21 in vitro (Fig. 5) . The p21 polyubiquitylation promoted via the CRL4 Cdt2 in vitro was most efficient when p21 carried a phosphomimetic substitution at S114 (Fig. 6C) . The results are consistent with the findings that p21 degradation following UV irradiation is dependent on ATR and GSK3␤-mediated phosphorylation of p21 at S114 (Bendjennat et al. 2003; Lee et al. 2007 ). Lee et al., however, were not able to demonstrate UV-dependent enhancement of p21 polyubiquitylation in vivo (Lee et al. 2007 ). One possibility is that prolonged treatment of cells with MG132 prior to and several hours following irradiation may have resulted in the accumulation of ubiquitylated p21 to saturating levels even in nonirradiated cells in their experiments, obscuring the increase in polyubiquitylation following UV. We speculate that p21 phosphorylation at S114 may increase the affinity of the CRL4 Cdt2 or PCNA for p21. Alternatively, phosphorylation may induce a conformational change in p21 exposing a lysine residue to serve as a receptor for protein ubiquitylation. Further investigation is required to distinguish between these two possibilities.
It has been proposed that Cdt2, similar to other DCAFs, may function as a substrate recognition subunit of the CRL4 Cdt2 ligase (Jin et al. 2006 and references therein), although there was no formal demonstration that Cdt2 binds the substrate Cdt1. We here show that the association between Cul4 and p21 is lost in cells depleted of Cdt2 by siRNA (Fig. 3E) , and thus provide the first example of substrate association with the CRL4 E3 ligase in a Cdt2-dependent manner. The degradation of p21 in response to UV is critical for optimal DNA repair by alleviating the repression of PCNA and promoting translesion DNA synthesis (Bendjennat et al. 2003; Chen et al. 2004; Lee et al. 2006 ). Thus, our findings suggest that CRL4 Cdt2 E3 ubiquitin ligase is critical for the cell's response to DNA damage, because it not only suppresses replication licensing by targeting Cdt1 for degradation Sansam et al. 2006; Senga et al. 2006 ), but also promotes DNA repair by promoting the degradation of p21 (Fig. 8) .
The CRL4
Cdt2 ubiquitin ligase functions redundantly with SCF Skp2 in promoting S-phase destruction of p21
In cells depleted of Cul4, DDB1, Cdt2, or PCNA, the UV-induced degradation of p21 was impaired. However, p21 was stabilized in nonirradiated cells as well under Model of the dual role for the CRL4 Cdt2 E3 ubiquitin ligase in response to low-dose UV irradiation and during the S phase of the cell cycle. The E3 ubiquitin ligase targets the replication factor Cdt1 for degradation, thereby suppressing replication licensing until the damage is repaired or until the G1 phase of the next cell cycle. Meanwhile, the same E3 ubiquitin ligase targets the Cdk inhibitor p21 for degradation, thereby allowing PCNA to function free of inhibitory p21 in promoting DNA repair or to allow the cells to progress through the S phase in the absence of DNA damage (the latter function being partially redundant with the Skp2-mediated degradation of p21). Both activities are dependent on the physical interaction of both of these substrates to PCNA. these conditions. Moreover, the p21 protein deficient in binding PCNA (p21 -PCNA ) was ubiquitylated less efficiently than wild-type p21 not only in UV-irradiated cells but also in nonirradiated cells (Fig. 4G) , demonstrating that PCNA binding is critical for the in vivo ubiquitylation of p21 in nonirradiated cells. Several other findings supported the conclusion that the CRL4
Cdt2 ubiquitin ligase may promote p21 degradation in nonirradiated cells. First, the activity for the CRL4 Cdt2 is not strictly dependent on DNA damage elicited by UV irradiation as the enzyme is also active in S phase and promotes the ubiquitylation and degradation of the replication factor Cdt1 (Jin et al. 2006; Senga et al. 2006) . The polyubiquitylation of the tumor suppressor protein Merlin by means of CRL4
VprBp is another example where the ubiquitin ligase activity is independent of DNA damage and is instead activated by mitogens (Huang and Chen 2008) . Second, after incubation of the cells with the proteasome inhibitor MG132 6 h prior to harvesting, the interaction between CRL4
Cdt2 and p21 is seen in nonirradiated cells (Fig. 3A-D) . Finally, CRL4
Cdt2 purified from nonirradiated cells actively ubiquitylated p21 in vitro. Consistent with a role of the CRL4 Cdt2 E3 ligase in promoting p21 degradation in unperturbed cells, the steady-state level of p21 was significantly reduced in Cdt2-overexpressing U2OS cells without significant changes in p21 mRNA levels. The decrease in p21 protein in Cdt2-overexpressing cells was most obvious in the S-phase population of cells (Fig. 7B) . Significantly, S-phase cells depleted of Cdt2 by siRNA accumulated p21, whereas G1 cells did not (Fig. 7C) . Therefore, the CRL4 Cdt2 ubiquitin ligase is redundant with SCF Skp2 in promoting the destruction of p21 in S-phase cells in a similar fashion to that observed for the replication factor Cdt1. Interestingly, whereas the CRL4 Cdt2 -dependent ubiquitylation of p21 depends on p21 interaction with PCNA and is stimulated by GSK3␤-dependent phosphorylation on Ser114, SCF Skp2 -dependent ubiquitylation of p21 is promoted by p21 binding to and phosphorylation by Cdk1/2 on Ser130 (Bornstein et al. 2003; Wang et al. 2005; Zhu et al. 2005 ). Thus, it is possible that CRL4 Cdt2 preferentially frees PCNA from p21, while SCF Skp2 preferentially targets p21 in complex with Cdk1/2 (see model in Fig. 8 ). The importance of the CRL4 Cdt2 -dependent pathway for degrading CDK inhibitors in S phase of the cell cycle is underlined by the independent discovery that this pathway is conserved in Caenorhabditis elegans and of critical importance in cell cycle regulation (E. Kipreos, pers. comm.). Cdt2 could be a major player in shifting the equilibrium toward p21 destruction both during the progression of cells through the S phase of the cell cycle by allowing cyclin-Cdk1/2 to function in the absence of inhibitory p21, and following DNA damage to allow PCNA-dependent DNA repair (Fig. 8) .
PCNA: a common cofactor for substrate ubiquitylation via the CRL4
Cdt2 ubiquitin ligase?
We demonstrated that the depletion of human cells of PCNA by siRNA stabilized p21 in nonirradiated cells and prevented the down-regulation of p21 following UV. Similarly, a p21 mutant deficient in PCNA binding is resistant to UV-induced degradation and is not well ubiquitylated in nonirradiated cells or post-irradiation. This latter finding clearly demonstrates that the direct binding of p21 to PCNA is critical for its efficient ubiquitylation via the CRL4 Cdt2 E3 ligase in vivo. Furthermore, a p21 mutant deficient in PCNA binding was largely resistant to ubiquitylation in vitro (Fig. 6B) . The ability of the CRL4 Cdt2 ligase to polyubiquitylate p21 in vitro was significantly impaired when both the enzyme and substrate complexes were purified from cells depleted of PCNA by siRNA (Fig. 6A) . These results demonstrate that PCNA is an obligatory cofactor for p21 ubiquitylation via the CRL4 Cdt2 ubiquitin ligase. The requirement for direct interaction with PCNA as a prerequisite for efficient ubiquitylation is not a unique feature for p21. At least two other substrates, Cdt1 Higa et al. 2006; Hu and Xiong 2006; Jin et al. 2006; Senga et al. 2006 ) and p53 , have now been shown to be ubiquitylated via CRL4 Cdt2 ubiquitin ligase in a PCNA-dependent manner. In the latter study, however, the p53 ubiquitylation depended on Mdm2 , and an indirect effect of CRL4 Cdt2 E3 ligase on p53 ubiquitylation was not ruled out. Based on in vitro ubiquitylation assays, however, p21 is thus the second PCNA-dependent substrate of the CRL4 Cdt2 ubiquitin ligase complex. The role that PCNA plays in promoting substrate ubiquitylation via the CRL4 Cdt2 E3 ubiquitin ligase is not entirely clear. It has been shown the Cdt1-PCNA interaction is necessary to recruit the CRL4 Cdt2 ubiquitin ligase to chromatin (Jin et al. 2006) . Although it is the docking of Cdt1 onto chromatin-bound PCNA that generates a signal for recruiting the CRL4 Cdt2 ligase and ultimately Cdt1 ubiquitylation and destruction (Jin et al. 2006 ), this may not be the case for all CRL4 Cdt2 substrates. Based on overexpression experiments, we show that p21 associates with DDB1 and Cul4A regardless of its ability to bind PCNA (Fig. 3A,B) . Nonetheless, because proteins were overexpressed in this experiment, we cannot rule out that for endogenous p21, binding with PCNA may be obligatory before recognition by the CRL4 Cdt2 ubiquitin ligase. We are currently investigating the mechanism by which PCNA promotes ubiquitin transfer to various substrates by the CRL4 Cdt2 E3 ligase to test whether PCNA is involved in substrate recognition or it stimulates the enzymatic activity of CRL4 Cdt2 on certain substrates. It remains to be seen whether PCNA serves as a cofactor only for substrates of CRL4 Cdt2 or also for other CRL4-based E3 ubiquitin ligases. The role of PCNA as a cofactor in promoting the activity of CRL4 Cdt2 on at least two substrates is intriguing. We speculate that this requirement causes the degradation of Cdt1 or p21 to initiate at sites in the cell where there is a high concentration of PCNA; i.e., chromatin with DNA replication forks or repair complexes. Subsequent recruitment of new substrate to these sites will, of course, eventually decrease the substrate in other parts of the cell.
Materials and methods
Cell lines, antibodies, and reagents
The HCT116 p53−/− and HCT116 p21−/− cells have been described (Bunz et al. 1998 ). Other cells were obtained from the American Type Culture Collection (ATCC). The antibodies purchased were p21 (C-19), PCNA (PC10), Cul1 (D-5), Cul4 (C-19), HA (Y-11), and Skp2 (H435) (Santa Cruz Biotechnologies); against Cul4A and DDB2 (Rockland Immunochemicals); and against DDB1 (Invitrogen). The anti-Cdt2 antibody was generated by immunizing rabbits with the C-terminal 50 amino acids that correspond to the human Cdt2 protein fused to GST according to standard procedure. Cells were lysed in a Triton X-100 lysis buffer (50 mM Tris at pH 7.5, 250 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 50 mM NaF, protease inhibitor cocktail [Sigma] ). Chromatin fractionation of HeLa cells was essentially as described (Mendez and Stillman 2000) . RNA for Northern blotting was prepared from cells using Trizol reagent (Invitrogen), and Northern Blot analysis was performed according to standard procedures.
Plasmid construction, transient transfections, and stable cell line generation
A mammalian expression plasmid encoding Flag-p21 was prepared by subcloning the full-length human p21 cDNA into pEEFN vector (BamHI, NotI) encoding an N-terminal Flag-epitope upstream of the cloning site. The pEEFN-Flag-p21 -PCNA has three point mutations in the PCNA-binding motif (changing Q144, M147, and F150 to A). The plasmid was generated using standard PCR mutagenesis. The Roc1/Rbx1 mammalian expression plasmid was constructed by PCR amplification of the human Roc1 cDNA from PC3 human prostate cancer cells and cloned between the BamHI and NotI sites of the pEEF-N vector to generate a plasmid expressing an N-terminal Flag-tagged Roc-1 protein. The Flag-Cdt2 mammalian expression plasmid was subcloned into the pEEFN vector (BamHI, NotI) and encodes N-terminal Flag-tagged full-length Cdt2. Transient plasmid transfections of HeLa, HCT116, or 293T cells were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. HCT116 p21−/− stably expressing Flag-p21 and Flag-p21 -PCNA were established by infecting HCT116 p21−/− with retroviruses coding for the indicated proteins. The recombinant virus was prepared by subcloning the p21 and the p21 -PCNA from pEEFN vectors into pMSCVpuro vector (Clontech). A similar protocol was used for the generation of stable U2OS, 293T and HCT116 p53−/− expressing 3X-Flag-Cdt2. Mock-infected cells with virus containing the empty pBabe vector were used as controls.
Gene silencing by RNAi
siRNA transfection experiments were performed using oligofectamine (Invitrogen) according to the manufacturer's instructions. siRNA duplexes were purchased from Invitrogen and have the following sequences. The siRNA oligonucleotide sequence used for siRNA interference were Skp2 (si-Skp2), 5Ј-AAGGGAGUGACAAAGACUUUGdTdT-3Ј; Cul4A (si-Cul4A), 5Ј-GACAAUCCGAAUCAGUACCdTdT-3Ј; Cul4B (si-Cul4B), 5-AGAUAAGGUUGACCAUAUAdTdT-3Ј; DDB1 (si-DDB1-1), 5Ј-ACAGAGUGGCGAGAGCAUUdTdT-3Ј; DDB1 (si-DDB1-2), 5Ј-CCUGUUGAUUGCCAAAAACdTdT-3Ј; Cdt2 (si-Cdt2-1), 5Ј-GAAUUAUACUGCUUAUCGAdTdT-3Ј; Cdt2 (si-Cdt2-2), 5Ј-AUACAAGAGUGACUCUAUAdTdT-3Ј; DDB2 (si-DDB2), 5Ј-GAGCGAGAUCCGAGUUUACdTdT-3Ј; PCNA (si-PCNA), 5Ј-GGAGGAAGCUGUUACCAUAdTdT-3Ј.
An siRNA oligonucleotide duplex targeting Luciferase (si-GL2) (Saxena et al. 2003) , an unrelated gene, was also used as a control. Cells were transfected with the specific siRNA twice and harvested 48 h after the second transfection according to standard procedures.
In vivo and in vitro ubiquitylation assays for p21
Details of the in vivo and in vitro ubiquitylation reactions are in the Supplemental Material. HCT116 and 293T cells were transiently transfected with either Flag-p21 or Flag-p21 -PCNA along with HA-ubiquitin. Cells transfected with empty vector and HA-ubiquitin were used as a negative control. Forty-eight hours after transfection, the cells were washed twice with PBS, UVirradiated with 20 J/m 2 , and incubated at 37°C in fresh medium. Two hours later, the cells were treated with MG132 (20 µg/mL) for an additional hour. To detect ubiquitylated p21, we used a method that has been developed by Govers et al. (1997) and aimed at immediately inactivating isopeptidases. The procedure for p21 ubiquitin labeling in vitro was essentially as described (Liu et al. 2002; Furukawa et al. 2003) .
